Introduction
============

Watermelon (*Citrullus lanatus* \[Thunb.\] Matsum. and Nakai) is a horticultural crop of high economic importance. Moreover, watermelon fruit has been demonstrated to provide a variety of healthful benefits, even preventing cancer and cardiovascular diseases ([@b15-66_244]). The genetic study of important traits in watermelon has been addressed thoroughly by researchers and breeders. However, the narrow genetic diversity among watermelon cultivars makes the differential identification of important traits through cultivars difficult and time-consuming. With the development of molecular biology techniques, some progress has been made in watermelon genetic map construction and understanding main trait inheritance, but many problems remain.

Molecular markers are a valuable tool for analyzing genetic diversity, map construction, marker-assisted breeding, and quantitative trait locus (QTL) analysis. The narrow genetic distance in watermelon has been a constraint for map construction and other genetic studies. Before the use of molecular markers, isozyme markers were the main markers used in the study of plant genetics. [@b45-66_244] reported the first genetic map of watermelon, using an inter-specific backcross population derived from *C. lanatus* and *C. colocynthis*, with 7 linkage groups and only 24 isozyme markers.

In the past, amplified fragment length polymorphisms (AFLPs), randomly amplified polymorphic DNA (RAPD) markers, and simple sequence repeats (SSRs) ([@b32-66_244], [@b56-66_244], [@b72-66_244]) were the three main molecular markers used in genetic analysis and watermelon breeding. Of these, SSR markers are relatively easy to analyze with moderate cost, as the resolution of allelic fragments can be performed via polyacrylamide gel electrophoresis. A disadvantage is that SSR markers are usually located in non-coding sequences, where the replicated blocks are less well conserved than coding regions ([@b63-66_244]). In addition, false alleles, null alleles, and size homoplasy may occur in genotyping because of technical artefacts and blurry bands ([@b52-66_244]). Other kinds of markers such as sequence-related amplified polymorphisms (SRAPs) ([@b35-66_244]) and high-frequency oligonucleotides targeting active genes (HFO-TAGs) ([@b34-66_244]) have also been applied in watermelon and other studies of plant genetic diversity and cultivar identification. However, in watermelon the amounts of these and polymorphisms are too limited for linkage map construction and gene location.

Single nucleotide polymorphisms (SNPs) and cleaved amplified polymorphic sequence (CAPS) markers have been routinely used in agricultural breeding programs (plant and animal variation studies), and for the fine mapping of important traits in different kinds of plants ([@b28-66_244], [@b30-66_244], [@b41-66_244], [@b51-66_244]). [@b38-66_244], working with watermelon, used a CAPS marker (*CAPS-2*) derived from an SNP locus in F~2~ and BC~1R~ populations that could distinguish the phenotype for susceptibility to zucchini yellow mosaic virus. For fine mapping, [@b28-66_244] identified SNPs at specific sites in specific intervals between SNP markers *Satt435* and *ss107918249* using the soybean draft genome sequence to develop markers closely linked to the gene for soybean aphid resistance (*Rag1*). By comparing the re-sequencing data of 4 parents and the reference genome sequence, [@b51-66_244] detected a sequence variant in the NAC (NAM/ATAF1, 2/CUC2) gene *ppa008301m*, which was shown to be closely related to the maturity date locus and implicated *ppa008301m* as a candidate gene controlling the ripening time in peach. [@b41-66_244] developed indel primers related to *Fusarium* wilt resistance in cabbage, designed using the cabbage reference sequence and whole-genome re-sequencing data of the parental lines. The primers revealed a higher number of polymorphisms. Furthermore, 7 markers obtained in this study were located on chromosome C06, showing that the resistance gene *FOC* (Fusarium oxysporum f. sp. conglutinans) was also on this chromosome. In addition, 2 indel markers, *M10* and *A1*, placed the gene in a 1.8-cM range, which laid the foundation for fine mapping and cloning of the target gene.

For watermelon, the development of SNP markers has been increasingly important for genetic study and traits mapping. [@b21-66_244] reported that 6,784,860 candidate SNP markers were identified among 20 re-sequenced lines. [@b47-66_244] reported the generation of 11,485 SNPS from 183 watermelon accessions using the genotyping-by sequencing-approach, which represents domesticated watermelon; 5254 SNPs with a minor allele frequency (MAF) of ≥0.05 were detected distributed across the genome. [@b54-66_244] used the technology of TASSEL-GBS (Genotyping by Sequencing) to identify a set of 67,897 SNPs, and 13,693 SNPs were selected by a cutoff of MAF ≥0.01 based on 86 accessions of watermelon and an F~2~ population derived from a cross of PI 482362 and PI 270306. [@b3-66_244] identified one CAPS marker (*Phe226*), which could perfectly co-segregate the flesh color phenotype, and was able to distinguish between red and canary yellow flesh color in watermelon.

For linkage map construction in watermelon, 6 SNP maps have been published ([@b31-66_244], [@b54-66_244], [@b55-66_244], [@b57-66_244]). Three SNP watermelon linkage maps with 378, 357, and 388 SNP markers were constructed by [@b57-66_244]. The enriched watermelon SNP linkage map was constructed by [@b54-66_244] with 10,480 SNP markers distributed in 11 linkage groups. Genotyping by sequencing was also a new approach to finding SNPs and using them for mapping. It was used by [@b31-66_244] to produce 266 SNP markers, representing the 11 chromosomes of watermelon. [@b48-66_244] incorporated 232 SNPs and 50 SSRs into a watermelon linkage map spanning 924.72 cM with an average distance of 3.28 cM between markers with the method of VeraCode 384-plex assays. The genome-wide map for watermelon was constructed by [@b56-66_244]. The linkage map involved 698 SSRs, 219 indels and 36 structural variants that covered 800 cM with a mean marker interval of 0.8 cM ([@b56-66_244]). Compared with the sequence data, this map positioned 234 watermelon genome-sequence scaffolds, and accounted for 93.5% of the assembled 353-Mb genome size. A high-density DArTseq SNP-based genetic linkage map of watermelon was reported by [@b55-66_244] with an F~2~ population derived from a cross between elite watermelon cultivar K3, and wild watermelon germplasm PI 189225. SNP markers (3465) were mapped onto 11 linkage groups corresponding to the chromosomes of watermelon.

Recently, whole genome sequences have been developed for a range of economically important plants, such as pear ([@b6-66_244]), sweet orange ([@b64-66_244]), radish ([@b29-66_244]), and eggplant ([@b26-66_244]). The draft genome of watermelon was reported by [@b21-66_244]. This resource is now the reference genome, facilitating the development of sequence-based molecular markers to underpin genetic improvement of watermelon crops. The discovery of large numbers of SNPs and indels in genome-scale sequencing initiatives provides an alternative approach to develop high-density markers. [@b39-66_244] developed 387 polymorphic indel markers between 2 *Brassica* accessions, based on re-sequencing data. The developed markers were used to check universal applicability with 7 *B. rapa* accessions; most of them were polymorphic. [@b19-66_244] constructed a transcript map for chickpea (*Cicer arietinum* L.) using genetic molecular markers including SNPs (CAPSs), SSRs, and markers based on intron spanning regions. The SNPs were detected through chickpea allele re-sequencing, and 220 candidate genetic regions were obtained with 1893 SNP loci. Using SNP2CAPS software, 192 CAPS locus candidates were acquired. With another 87 pairs of reported CAPS markers, 279 pairs of CAPS markers were used for CAPS assays on 5 kinds of chickpeas, and 143 pairs of CAPS markers were gained.

[@b1-66_244] detected SNPs in the re-sequencing data of sunflowers for high-density genotyping and genetic diversity analysis. The results showed that more than 95% of the SNP markers gained polymorphisms, and more than 90% of the successful markers could be successfully applied in wild species ([@b1-66_244]). Specific-locus amplified fragment sequencing (Sun *et al.* 2013), QTL sequencing (Hirokin *et al.* 2013) and genotyping by sequencing ([@b31-66_244]) were originally based on DNA sequencing data, and these provide us with new methods of QTL detection.

Although many linkage maps were developed with SNP markers, the high cost and complexity of technique were a bottleneck for marker development in watermelon. It is now possible to detect genome-wide CAPS polymorphisms among different accessions using whole-genome re-sequencing. In this study, we used the re-sequencing data from two watermelon lines to identify CAPS loci across the assembled genome. Using the F~2~ population to construct a CAPS-based linkage map, we detected QTLs related to agronomic traits. The CAPS markers could represent the different linkage region of the watermelon genome.

Materials and Methods
=====================

Plant materials
---------------

Two inbred watermelon lines, LSW-177 and COS, were selected for their different phenotypes to exploit CAPS markers for high-throughput sequencing. The seeds of LSW-177 and COS were offered by Angela R. Davis from the United States Department of Agriculture, Agricultural Research Service, South Central Agricultural Research Laboratory, who is currently with the company HM. Clause in the United States.

Both LSW-177 and COS are midseason and monoecious. In LSW-177, the fruit is elongated with red flesh, and the Brix content is 7% in the center and 5.5% at the edge ([@b13-66_244]). The flesh color of COS is pale yellow, and the Brix content is 10.88 ± 1.37% in the center and 7.98 ± 0.91% at the edge (our data). To test the co-dominance of the CAPS markers, we crossed LSW-177 (female) and COS (male) to produce the F~1~ generation. 352 individuals of the F~2~ generation were generated from a single F~1~ plant.

The P~1~, P~2~, F~1~, and F~2~ generations were grown in a greenhouse at Xiangfang Experimental Agricultural Station of Northeast Agricultural University, Harbin, China (44°04′N, 125°42′E), during the summer of 2014. The two parents and F~1~ plants were grown in triplicate, with 15 plants each. To prepare for linkage map construction, 352 F~2~ generation plants were planted in the greenhouse.

Phenotyping of plant materials
------------------------------

Fruit lengths and widths were measured by ruler and the results were expressed in centimeters. The fruit shape index was the fruit length divided by the fruit width. Brix content in the center and at the edge was measured using a hand refractometer (ATAGO, PAL-1). Visual observation was used to evaluate flesh color, and marked as 3 for red, 2 for canary yellow, and 1 for pale yellow.

DNA preparation and construction of sequencing library
------------------------------------------------------

The DNA of young leaf tissue from 15 plants of each line, i.e., LSW-177, COS, and the F~1~ generations, was isolated. For the F~2~ generation, genomic DNA was extracted from fresh-frozen leaves of each individual using the modified hexadecyltrimethylammonium bromide (CTAB) method described by [@b40-66_244].

LSW-177 and COS were re-sequenced using an Illumina HiSeq 2000 high-throughput sequencing platform (more than 20-fold coverage of the genome) by BGI (China). The complexity of the genome DNA was reduced randomly into fragments by the physical method (Ultrasonic). The ends of the DNA fragments were repaired, and an A base was added to the 3′ sequences. The fragments were then ligated to adapter pairs and one adapter contained the barcode sequence and a binding site Illumina sequencing primer. The samples were then pooled, purified, and amplified with primers compatible to the adapter sequences to construct the DNA fragment library with sequence reads of 90 bp. Temperature cycling consisted of 72°C for 5 min; 98°C for 30 s; then 18 cycles of 98°C for 30 s, 65°C for 30 s, and 72°C for 30 s; with a final extension step at 72°C for 5 min. The PCR products were quantified, and diluted for re-sequencing on the Illumina HiSeq 2000 platform.

Development of CAPS markers from high-throughput sequencing data
----------------------------------------------------------------

For the re-sequencing, the two watermelon lines were grown in soil, 15 plants for each line. The genomic DNA was extracted from the leaves of 4-week-old seedlings for high-throughput sequencing analysis. The quality and quantity of extracted DNA was verified via 1.0% agarose gel. 66 million (66,600,000) and nearly 63 million (62,786,132) paired-end reads were generated from the two materials, respectively.

The process employed to detect CAPS markers involved 3 steps. Firstly, the reads were mapped to the watermelon reference genome (<http://www.icugi.org/cgi-bin/ICuGI/index.cgi>) using Burrows-Wheeler Aligner (BWA; version 0.6.2) [@b36-66_244] with its default settings. Secondly, the mapped reads were sorted, and indexed by the protocol of SAMtools (version 0.1.18) software ([@b37-66_244], <http://www.htslib.org/>) with a mapping score of \>20. Candidate SNP sequences were excavated by self-compiled script on Perl between LSW-177 and COS by using the mpileup algorithm of SAMtools and bcftools, with a filtering threshold (Q = 20). Five hundred base pair flanking sequences were extracted on both sides of the SNP loci. The average frequency of SNPs and indels was also analyzed by the self-compiled script on Perl.

The third step was CAPS locus exploitation, in which all the SNP candidate sequences were analyzed using SNP-2CAPS software ([@b61-66_244]). Candidate CAPS sequences were detected using 16 restriction endonucleases as the parameter (i.e., *EcoR*I, *BsaH*I, *Hind*III, *Mbo*II, *Pst*I, *Sca*I, *BamH*I, *Mlu*I, *Alu*I, *Dra*I, *Pvu*I, *Xho*I, *Bcl*I, *Taq*I, *Kpn*I, and *Msp*I) (Thermo Scientific, Massachusetts, United States).

CAPS candidate sequences were selected based on 3 criteria. Firstly, to design primers suitable for amplification, the candidate sequence contained a restriction enzyme cutting site located in the middle of the sequence. Secondly, based upon the resolution ratio of the 1% agarose gel electrophoresis (100 bp), the positions at the enzyme site in the candidate sequences were \>100 bp away from each of the sequence ends. Finally, if more than one enzyme site was located in the candidate sequence, the enzyme site position was taken into consideration for the primer design.

CAPS primer design and experimental validation of DNA polymorphisms
-------------------------------------------------------------------

To construct a linkage map of the whole watermelon genome, 15 to 25 CAPS sequences, evenly distributed on each chromosome, were chosen for PCR primer design. The PCR products were digested by restriction endonuclease to verify polymorphisms of the CAPS markers. The primer design was analyzed using Primer Premier 6.0 software, with the appropriate CAPS candidate sequences. The design of the primers conformed to the following criteria: 18--26 bp long; GC content 40--60%; annealing temperature range 56--60°C and the difference in the annealing temperature in a primer pair was \<3°C with PCR products 200--1000 bp.

The PCR mixture for CAPS amplification contained 20 ng plant genomic DNA, 8--10 pmol primers, 0.25 mM dNTPs, 10× Taq buffer, and 1 unit of Taq polymerase in a total volume of 10 μL. Touchdown PCR was performed by preheating samples for 7 min at 94°C; then 30 cycles of 60 s at 94°C, 20 s at 60°C with step-wise decreases of 0.5°C for each cycle, and 60 s at 72°C; 10 cycles of 20 s at 94°C, 20 s at 45°C, and 60 s at 72°C; and a post-heating for 7 min at 72°C. The reaction mixture for the enzyme digestion contained: 5 μL PCR product, 9 μL ddH~2~O, and 0.3 μL restriction enzyme (10 U/μL), which were then incubated at 37°C, 55°C, and 65°C, respectively, in accordance with the instructions for the restriction enzyme, for 1--16 h.

All the CAPS markers were subsequently tested in the genotypes of LSW-177, COS, and their F~1~ generation. The enzyme-digested products were examined via 1% agarose gel electrophoresis. The results of agarose gel electrophoresis were photographed using a Gel Documentation and Image Analysis System (ChampGel 6000). Co-dominant polymorphic markers among LSW-177, COS, and the F~1~ generation were selected for map construction.

SSR markers
-----------

For SSR marker selection, 449 pairs of watermelon SSR markers (including 23 pairs of core watermelon SSR markers) and 556 pairs of melon SSR markers were used. All of the SSR markers were derived from published literature ([@b12-66_244], [@b14-66_244], [@b16-66_244], [@b18-66_244], [@b27-66_244], [@b60-66_244], [@b65-66_244], [@b67-66_244], [@b70-66_244]) and provided by Yiqun Weng (University of Wisconsin). The PCR mixture for SSR amplification contained 20 ng plant genomic DNA, 8--10 pmol primers, 0.25 mM dNTPs, 10× Taq buffer, and 1 unit of Taq polymerase in a total volume of 10 μL. PCR was performed by preheating samples for 5 min at 94°C; and then 35 cycles of 60 s at 94°C, 60 s at 50°C, and 90 s at 72°C; finishing with post-heating for 5 min at 72°C. SSR amplification products were run on a 6% denaturing polyacrylamide gel via electrophoresis and detected by silver staining.

Map construction and QTL analysis
---------------------------------

The linkage map was constructed by using IciMapping V3.3 software (Institute of Crop Science Chinese Academy of Agricultural Sciences, Beijing, China). A minimum logarithm of odds (LOD) score of 3.0 and a maximum threshold recombination fraction value of 0.35 were used to group the markers. The translation from recombination frequency to map distance was performed with IciMapping V3.3 software, using the Kosambi mapping function. The order of the markers in each linkage group was determined by the method of maximum likelihood. The distortion segregation markers were defined as the segregation ratios, which differed from the expected 1:2:1, at *P* \< 0.05. Graphical output of the linkage groups was performed using the software package Map Chart 2.2 (Plant Research International, Wageningen, Netherlands). QTL analyses were performed using IciMapping V3.3 software. Interval mapping, multiple QTL model, and permutation analysis were used for QTLs and their significance calculating. The QTL starting threshold in the permutation analysis (1000 permutations at *P* = 0.05) ranged between 2.0 and 2.3 for the various traits. The LOD score of 3.0 was used for QTL detection.

Statistical analyses
--------------------

SPSS 19.0 (SPSS, United States) was utilized to perform statistical analyses such as mean, standard deviation, trait distribution, and correlation analysis.

Results
=======

Characterization of SNP and indel loci
--------------------------------------

Using the BWA software, 65 million (65,465,200) and 61 million (61,496,376) paired-end reads for LSW-177 and COS, respectively, were mapped to the assembly of the reference genome. For LSW-177, approximately 88.7% of the assembled 353 Mb genome could be covered by the reference genome while for COS performed 78.5% of the 366 Mb assembled data of the reference genome. Between them, 225,693 SNPs and 19,268 indels (one base insertion and deletion) were detected and used as potential markers for genotyping while comparing the assembled data from chromosome 1 to chromosome 11. The average frequency of SNPs and indels was analyzed by the self-compiled script on Perl ([Fig. 1](#f1-66_244){ref-type="fig"}, [Table 1](#t1-66_244){ref-type="table"}). The density range of SNP loci was 64/1000 to 2,800/1000 kb between the two watermelon materials, while the frequency of indel loci (one base insertion and deletion) was 11/1000 to 202/1000 kb.

The lowest numbers of SNPs were on chromosomes 11 and 4, while the highest was detected on chromosome 8. Chromosomes 11 and 4 had the lowest indel frequency score and chromosome 8 had the highest. Among all the 11 chromosomes, chromosome 2 contained the most SNPs and indel loci, with 96,379 and 6014, respectively. Chromosome 4 had the lowest number of SNP loci (1567) and the fewest indels (277).

The number of transversions, transitions, and single-base indels were 72,285, 153,408, and 19,268, respectively. Regarding the transversions, the largest number was AT→TA (20,027, 27.7%) while the smallest number were CG→GC (13,027, 18.0%). SNP transitions were CT→TC (76,633, 49.95%) and AG→GA (76,675, 50.05%; [Table 2](#t2-66_244){ref-type="table"}). For the indels (only one base insertion or deletion), the highest number were base T (7,359, 38.2%) and the lowest were base G (2,359, 12.2%). Based on this distribution of SNPs, it was possible to construct genetic maps and select SNPs within specific regions for fine mapping.

CAPS polymorphism
-----------------

By re-sequencing at a depth of 20.0×, we detected a large number of CAPSs with a dense distribution across each of the 11 watermelon chromosomes. The potential CAPS markers were detected using the SNP2CAPS program with the re-sequencing data according to the absence or presence of the restriction site on the SNP position. The 16 restriction enzymes yielded 14,246 CAPS loci, excavated with the SNP2CAPS software. After eliminating CAPS loci that were not suitable, 3,192 pairs of sequences were selected as the CAPS candidate sequences, which were appropriate for the primer design in accordance with the conditions which we considered. In total, 532 pairs of sequences were chosen for the primer design and polymorphism analysis, with the parental materials and the F~1~ generation; 516 pairs of primers (97.0%) could amplify clear PCR products. No amplification was found in 16 pairs (3.0%). The expected size was obtained for 296 pairs, while approximately 42.64% of the primer pairs amplified additional fragments or failed in enzyme digestion reaction. Among the 3 tested genotypes (P~1~, P~2~ and F~1~), 271 pairs of primers revealed expected fragment lengths and polymorphisms, with a polymorphic rate of 50.94%, according to the results of the restriction enzyme reaction. The fragment lengths of the PCR products ranged from 1874 bp (*WII04EBsaHI-6*) to 312 bp (*WII08EXhoI-1*), while the enzyme-digested products ranged from 1350 bp (*WII04EBsaHI-6*) to 158 bp (*WII10EBclI-7*).

Linkage map construction with newly developed CAPS markers
----------------------------------------------------------

Twenty-three pairs of SSR markers previously derived by [@b70-66_244] were used for primer selection as the core SSR markers. Among them, 13 pairs of primers showed polymorphisms between the 2 parental lines. Finally, 10 pairs of polymorphic core primers were arranged into 8 groups (chromosomes 2, 3, 4, 6, 7, 8, 9, and 11). Another 27 pairs of watermelon and melon SSR markers were also selected as the polymorphisms for map construction. A linkage map with 301 markers (264 CAPS, 37 SSR) was constructed used the F~2~ population (352 plants) derived from LSW-177 and COS, with 7 CAPS markers removed ([Fig. 2](#f2-66_244){ref-type="fig"}, [Table 3](#t3-66_244){ref-type="table"}). For all the molecular markers, 275 gave the expected Mendelian ratio of 1:2:1 (*P* \> 0.05), except 26 pairs of CAPS markers with a distorted segregation ratio of 8.64%. Most of the chromosomes included segregation distorted markers except chromosome 1 and 2. Chromosome 9 contained the most distorted segregation markers (8 pairs).

The linkage map consisted of 11 linkage groups. The largest group (chromosome 8) contained 48 markers and spanned 134.85 cM. Chromosome 10, with the smallest number of markers, contained 15 markers spanning 196.70 cM. All the 11 linkage groups covered a total genetic distance of 1836.51 cM, with a mean distance between markers of 6.1 cM. The order of most marker locations corresponded to the physical map. Using this linkage map as the reference, based on alignment most of the CAPS markers appeared to be evenly distributed across the 11 linkage groups. This provided encouragement that it would be possible to select appropriate markers for fine mapping and construction of high-density genetic maps. The genotyping of the F~2~ generation with CAPS markers is shown in [Fig. 3](#f3-66_244){ref-type="fig"}.

The collinearity test was also taken between the linkage map and the physical map for each chromosome. According to the result of the collinearity test (shown in [Fig. 4](#f4-66_244){ref-type="fig"}), most of the 11 chromosomes were highly colinear with respect to their physical positions. Chromosomes 4, 6, and 8 were not properly represented on the physical map. The region on the collinearity test curve was displayed as a gently increased region and revealed an appropriate trend between the linkage groups and the physical map with a suitable marker distance. For chromosomes 4, 6 and 8, most of the curve gently increased, while some regions increased sharply, indicating that genetic gaps existed between the two regions. To solve these gaps, more markers should be developed to fill the linkage groups, based on re-sequencing data.

Phenotype performance of the F~2~ population and parental materials
-------------------------------------------------------------------

### Fruit width and fruit length

The fruit lengths and widths of the two parental materials were differed from each other. For LSW-177 and COS the mean fruit lengths were 23.09 ± 1.92 cm and 20.44 ± 1.04 cm, respectively, and the fruit widths were 16.10 ± 0.73 cm and 19.40 ± 0.50 cm. In the F~1~ generation, the fruit length was 24.03 ± 0.88 cm, and the width was 19.78 ± 1.17 cm, which was close to the high end of the scale for the parental materials. Among the F~2~ generation, fruit lengths ranged from 11.2 to 29.6 cm, and fruit widths from 10.9 to 22.7 cm, exhibiting a continuous distribution. This suggested that the parental materials of larger size exhibited some dominance, if there is a non-additive component.

### Brix content

The Brix content of both the central and edge part of the fruits were measured within the P~1~, P~2~, F~1~, and F~2~ populations. In the parental strains, COS is rich in soluble solids, averaging 10.88 ± 1.37% and 7.98 ± 0.91% in the central and edge regions, respectively, which is more than that of LSW-177 (9.10 ± 0.44% and 7.33 ± 0.66%). The Brix contents of the central and edge of the fruit for the F~1~ generation were 9.33 ± 0.42% and 7.83 ± 0.57%, respectively. In the F~2~ generation, the Brix of the central part ranged from 3.0% to 11.1% and the edge ranged from 2.5% to 10.5%. For the F~2~ generation, both of the traits showed a continuous distribution, a characteristic of quantitative character, indicating that the Brix content was controlled by polygenes. Phenotypic values and ranges of traits were measured in the parental lines and the F~1~ and F~2~ populations ([Table 4](#t4-66_244){ref-type="table"}). The distribution of values for the fruit length, fruit width, and Brix content both in the central and edge portions in the F~2~ population are shown in [Fig. 5](#f5-66_244){ref-type="fig"}.

### Flesh color

The data regarding flesh color were collected by visual analysis. The flesh color of the fruits of LSW-177 and COS are red and pale yellow, respectively. For the F~1~ generation, the flesh color was canary yellow, close to pale yellow, suggesting dominance of the pale yellow parental trait. In the F~2~ generation, there were 5 categories of flesh color: red, pale yellow, canary yellow, and 2 irregular color patterns consisting of mixed pale and canary yellow, or red swirled together in separate sectors or in mixed patterns in the heart and placental tissues of the fruit. In the F~2~ generation, there were 87 red flesh color plants, 48 pale yellow plants and 173 canary yellow plants. Eighteen and 26 plants displayed mixed colors, respectively. Mixed pale and canary yellow was defined as flesh color \>50% canary or pale yellow in cross sectional areas, so the two mixed-color plants could be classified as canary yellow and pale yellow. For the entire F~2~ generation, 199, 66, and 87 plants were respectively judged to have canary yellow, pale yellow and red flesh color. The ratio of the three kinds of flesh color was 9:3:4, indicating that the flesh color was affected by two genes.

### QTLs detected for fruit traits

The F~2~ population (352 plants) derived from LSW-177 and COS was used for genetic mapping. With the CAPS-based linkage map, 12 QTLs were identified for fruit width, length, fruit shape index, Brix content (central and edge), and flesh color ([Table 5](#t5-66_244){ref-type="table"}).

Two QTLs were detected for fruit length, and 3 QTLs for fruit width. The 2 QTLs related to fruit length (*FL3.1* and *FL3.2*) were located on chromosome 3, and had an additive effect of 1.84 and 0.99 with R^2^ values of 12.50% and 6.87%. For fruit width, 3 QTLs were detected (*FW3.1*, *FW3.2*, and *FW8.1*) on chromosomes 3 and 8; *FL3.2* and *FW3.2* were located in the same region. *FW3.2* and *FW8.1* exhibited a reduced additive effect of 0.71 and −1.02, while the *FW3.1* performed a positive additive effect with a value of 0.79. The 3 QTLs could account for the phenotypic variation of 23.2%, with R^2^ values of 5.89%, 5.60%, and 11.67%.

In addition, another three QTL loci (*FSI3.1*, *FSI3.2*, and *FSI8.1*) related to fruit shape index were also detected. *FSI3.1* and *FSI3.2* overlapped with *FW3.1*, *FL3.1* and *FL3.2*. *FSI8.1* was also located at the same position with *FW8.1*. *FSI3.2* was a major QTL for fruit shape index with an R^2^ of 38.22%.

Three QTLs were found to be significant for Brix content (one for the central, and 2 for the edge portions). The 3 QTLs were distributed over chromosomes 2 and 4, and all the three QTLs were minor loci and no major QTL was detected; because there was no obvious difference between the two parental materials in Brix content. The two QTLs for the Brix content at the edge (*BCE2.1* and *BCE4.1*) were located on chromosomes 2 and 4, with LOD scores of 4.31 and 3.20, respectively, and with individual trait variation effects of 8.02% and 5.40%. The combined effect was 13.41% of the total phenotypic variance. An additional QTL for Brix content of the central region (*BCC2.1*) was found with a LOD score of 3.19 on chromosome 2.

One major QTL related with flesh color (*FC4.1*), in the F~2~ population, localized on chromosome 4, may account for most of the phenotypic variation. On chromosome 4 it was between the newly developed CAPS markers *WII04E08-38* and *WII04EBsaHI-6*, just 0.15 cM and 0.05 cM away, with a high R^2^ (81.45%) and LOD score of 91.21. The two CAPS markers could perfectly co-segregate with the red, pale yellow and canary yellow groups in the F~2~ population (data not shown). According to the re-sequencing data, we obtained the sequences between the CAPS markers *WII04E08-38* and *WII04EBsaHI-6*; 19,731 bp were present in this region and 5 candidate genes (which can encode the protein normally, [Table 7](#t7-66_244){ref-type="table"}) were detected by consulting the data from the Cucurbit Genomics Database (<http://www.icugi.org/cgibin/ICuGI/index.cgi>). With the results of the open reading frame (ORF) and Basic Local Alignment Search Tool (BLAST) analysis, the lycopene beta-cyclase (*LCYB*) mRNA, LCYB-red allele, and Complete Coding Sequence (CDS) was only in this region with a high sequence similarity with candidate gene *Cla0050011*. The CAPS marker *WII04EBsaHI-6* was only located in the gene *Cla005011*. The candidate genes are listed in [Table 7](#t7-66_244){ref-type="table"}.

Discussion
==========

In this study, we used the re-sequencing data from the watermelon lines LSW-177 and COS to identify CAPS loci across the assembled genome, and 271 CAPS markers displayed polymorphisms and co-dominance among the COS, LSW-177, and their F~1~ generation plants. A linkage map with 301 markers was constructed with an F~2~ population derived from LSW-177 and COS. In all, 12 QTLs related to agronomic traits were detected with the new CAPS-based linkage map.

Re-sequencing data and polymorphisms of the CAPS markers
--------------------------------------------------------

In some published reports, the number of the SNPs were much higher than the indels. [@b66-66_244] re-sequenced 5 *indica*, 2 *aus*, and 3 *tropical japonica* cultivars and Japanese elite cultivar 'Koshihikari' to exploit the indel markers and there were 5-fold more SNPs than indels. [@b70-66_244] also compared 16 watermelon genotypes with the watermelon line 97103 based on whole genome re-sequencing data. The number of the SNPs were also much larger than the indels. In addition, the ratio of SNP-to-indel rose from 1.97 (PI 482271 to 97103) to 22.64 (PI 386019 to 97103), implying that different accessions had different polymorphisms when the sequences were aligned.

In our study, 225,693 SNPs and 19,268 indels (one base insert and deletion) were detected according to the re-sequencing data. The numbers of SNPs were much higher than the indels than reported in a previous study (\>11-fold). [@b21-66_244] reported that a total of 6,784,860 candidate SNPs and 965,006 indels were identified among 20 watermelon accessions when re-sequenced (the SNPs were \~7-fold that of the indels). In our research, we re-sequenced two materials for marker development so the number of the SNPs and indels were much smaller than in Guo's research. For the indels in our study, we exploited the one base insert and deletion locus, and the ratio of the SNPs-to-indels was higher than Guo's research.

Among each of the 11 chromosomes in watermelon, the density of SNPs and indels were very different. The different lengths of the chromosomes may contribute this phenomenon ([Table 3](#t3-66_244){ref-type="table"}). On the other hand, some chromosomal regions with a high SNP linkage disequilibrium (e.g., chromosomes 3 and 9) might have contributed to the process of watermelon domestication, and the regions were not uniformly distributed among the 11 watermelon chromosomes ([@b47-66_244]). Finally, the two parental materials in our research performed quite differently from each other with regard to many traits, and the genes related to these traits were also distributed unevenly within the genome. This could have influenced the various densities in SNPs and indels.

In our study, we demonstrated the feasibility and ease of using genomic re-sequencing data to identify putative CAPS polymorphisms. These CAPS loci can then be validated to generate informative genetic markers with a reliably high rate of polymorphisms.

CAPS markers have been developed based on re-sequencing data for various crops, and polymorphisms ranged from 39.5% to 56.83% ([@b17-66_244], [@b25-66_244], [@b30-66_244], [@b38-66_244], [@b59-66_244]). Markers developed with re-sequencing data could be more accurate and efficient as research materials. [@b68-66_244], working with 8 tea cultivars, exploited SNP loci from derived ESTs and converted them into CAPS markers with polymorphisms of 35.9%. [@b53-66_244] reported SNP markers in rubber tree, based on high-throughput 454 sequencing technology. Twenty-seven putative SNPs were evaluated and 10 positions (37%) were shown to be polymorphic among the 28 accessions used. [@b59-66_244] designed 139 pairs of CAPS markers based on the re-sequencing data in soybean, and 79 primers (56.83%) led to finding polymorphisms among 9 varieties.

Previous studies ([@b33-66_244], [@b34-66_244], [@b47-66_244], [@b70-66_244]) reported a narrow molecular diversity of 2 to 4% for cultivated watermelon, with low levels of polymorphisms. In our research, 50.94% of the designed primers showed polymorphisms after the digest reaction, a great improvement in polymorphisms. There were still 220 pairs of primers displaying nonspecific amplification in the whole genome, represented by multiple homologs. To reduce nonspecific amplification, we note that the sequence of the designed primer region should be aligned to the genome, and if there are multiple sites covering more than 30% of the sequence, these sequences should be removed as candidates ([@b39-66_244]). In addition, in future research, *in silico* PCR is appropriate for marker mining before the PCR reaction.

CAPS markers compared with other molecular markers
--------------------------------------------------

Polymorphic markers have been an important factor for map construction, gene location, diversity analysis, and linkage disequilibrium analysis of watermelon and other plants. However, for watermelon, progress in the development of molecular markers and a genetic map has been slow, although significant progress has been made in the former in recent years. In previous reports, molecular markers were used for genetic analysis of watermelon, but their effectiveness was limited due to the extremely narrow genetic background among watermelon genotypes; the number of molecular markers and polymorphisms was not satisfactory for researchers or breeders. [@b8-66_244], working with watermelon, used AFLP markers to develop a DNA fingerprint based on 15 bands amplified with 4 primer combinations, and converted one of the specific AFLP bands into a sequence characterized amplified region (SCAR) marker. However, in general, the AFLP procedure is too complicated for breeders.

In watermelon, the SSR is another important marker that has been used in research, and some researchers have reported the application of SSR markers in watermelon genetic analyses ([@b33-66_244], [@b44-66_244], [@b49-66_244], [@b69-66_244]). [@b56-66_244] designed SSR markers with re-sequencing data, and 41.9% of the primers revealed polymorphisms after PCR amplification between the watermelon lines 97103 and PI 296341-FR. Patricai *et al.* (2004) detected 700 clones including SSR sequences from a Tsp-AG/TC SSR-enriched library, and designed 144 primer pairs. Sixty-seven SSR markers were tested on melon and other cucurbit crops, and among the melon accessions, 65 pairs of markers revealed polymorphisms (45.12%). Thus, the polymorphism results using SSR markers were better than that of other markers, but the number of published SSR markers remained limited for research. Another important problem with SSRs is that they are usually located in non-coding sequences. Based on re-sequencing data, we found a good number of new markers. For some anchoring regions, we also obtained some markers for fine gene mapping ([@b28-66_244], [@b41-66_244]).

With progress in high-throughput re-sequencing, SNP markers became more and more utilitarian for genetic studies. As a simple and low cost detection method, CAPS markers have an immense advantage. Compared with other kinds of markers, CAPS are easier to use and more widely throughout the genome. We were able to develop 271 pairs of primers via 16 restriction enzymes, and more markers could be exploited by other kinds of enzymes if needed. More importantly, since the coordinates of the CAPS markers are known in relation to a reference genome, it is possible to develop genetic markers within specific regions of the genome to assist in efficient construction of genetic maps and for fine mapping. For marker-assisted selection, CAPS markers could also be effective, ([@b3-66_244]). This is a powerful new method to identify SNPs, more useful and effective than traditional methods for developing markers.

Map construction based on re-sequencing data
--------------------------------------------

In previous studies, mapping markers were determined through marker selection, largely according to published primers and the genetic distance between the parental materials. Based on re-sequencing data, molecular markers have been developed for many crops ([@b1-66_244], [@b19-66_244], [@b39-66_244]), but the number of newly developed CAPS markers, and CAPS-based map construction, was limited, especially in watermelon. In our research, a linkage map based on CAPS markers was constructed with an F~2~ population of 352 plants, derived from the parental lines LSW-177 and COS. The genetic linkage map is a useful tool for gene mapping, and many watermelon linkage maps have been constructed using different kinds of markers ([@b24-66_244], [@b32-66_244], [@b45-66_244], [@b72-66_244]), mostly from the genomic library and EST-public databases, which cannot anchor marker locations. For most linkage maps, we cannot correspond linkage groups to chromosomes, and unpredictable location markers has been a factor slowing the progress of watermelon research. Using re-sequencing data, each CAPS marker can be located among the 11 watermelon chromosomes. In the present research, 11 linkage groups were obtained after analysis with IciMapping V3.3 software, and all the linkage groups could be assigned to the corresponding chromosomes. The order of the CAPS markers on the linkage map mostly conformed to the distribution of the physical map.

In recent years, some watermelon linkage maps with SNP markers based on re-sequencing and genotyping via the sequencing techniques were reported, which largely improved the precision and the saturability of the linkage maps ([@b31-66_244], [@b54-66_244], [@b57-66_244]). Here, we developed a CAPS-based watermelon linkage map with 301 CAPS and SSR markers that were suitable for genetic mapping and studies. The genetic map covered all 11 chromosomes spanning 1 836.51cM. [@b57-66_244] first constructed three SNP watermelon linkage maps with 378, 357, and 388 SNP markers spanning 1 438, 1 514 and 1 144 cM, respectively. In [@b56-66_244], genetic maps of \<800 cM agreed well with watermelon's small genome size of 450 Mb. For our research and most of the reported SNP maps, the map lengths were much higher than the 800 cM. An important reason for the large map length is the quantity and density of the markers. The position of the markers was another factor affecting the genetic distance; a large gap between the adjacent markers on the linkage groups results in a large genetic distance. The linkage map constructed by [@b56-66_244] incorporated 953 markers covering 800 cM with a mean interval of 0.8 cM, which is the most highly saturated map for watermelon in the current studies.

Gaps \>20 cM in the linkage groups were still generated in some studies ([@b24-66_244], [@b48-66_244]). Furthermore, most of the SSR markers used for map construction were derived from published primers, which were not specific enough for the experimental materials. For this reason, the linkage maps could not identify the amount of genome covered, and this was a limiting factor in the genetic study of watermelon. Colinearity is another important reference point for linkage map construction. Most of the linkage groups revealed high colinearity to the physical map.

There were still some parts which disagree with the draft genome, and the same results were also obtained in the other SNP watermelon linkage maps ([@b54-66_244], [@b55-66_244]). Firstly, the CAPS (SNP) locus in some regions on the chromosomes were not evenly distributed, as reflected by the different slopes of the curves of each chromosome ([Fig. 1](#f1-66_244){ref-type="fig"}), leading some loci away from the base line. Secondly, the re-sequencing data of the two parental materials were assembled based on the reference genome, and there were still some gaps that could not be sequenced, and some fragments could not be assembled. For these regions, markers could not be designed, and the trend of the curves was not upward smoothly, also making some loci deviate away from the base line. Thirdly, a larger mapping population would more accurately reflect the linear relationship between the genetic and physical positions. To solve this problem, some other kinds of markers, such as indels, SSRs, or AFLPs should be added in the map construction as well as more watermelon genome data.

More markers need to be developed in the region where there are genetic gaps. With the re-sequencing data, many markers could be developed in the gap region. According to the re-sequencing data, about 12,023 pairs of sequences which could not be assembled to the genome were named chromosome 0. *WII0E09-94*, *WII0E09-99,* and *WII0E09-63* were designed and assigned to Chromosomes 2, 5, and 8. For the SSR marker selection, 23 pairs of the core SSR markers reported by [@b70-66_244] were also used. As a result, 10 SSR markers detected polymorphisms between the two parental materials, and 9 pairs of SSR markers with their locations on chromosomes, assigned in our linkage map distributed among 8 chromosomes. Both the CAPS markers and the core SSR markers could be used as anchor markers for future map integration. The polymorphic melon SSR markers can also be helpful as anchor markers for a comparative map of watermelon and melon.

As a suitable resource for marker development, with the re-sequencing data specific markers could be exploited to fill the gap in the linkage groups, increasing marker density. The CAPS-based map in this study, which can be used as a bridge to other watermelon genetic maps, will assist the construction of a watermelon reference map.

QTL analysis based on CAPS markers
----------------------------------

Re-sequencing data provided us a new approach for QTL detection and marker-assisted selection ([@b7-66_244], [@b42-66_244], [@b46-66_244]). QTL detection for watermelon has been an important mission in watermelon breeding. The main flesh pigments in cultivated watermelons are lycopene, carotene, and xanthophyll ([@b58-66_244]) which greatly affect the flesh color of watermelon and other cucurbit plants. One major QTL for flesh color was mapped in our study, on chromosomes 4 (LOD, 91.21) with a trait variation of 81.45%. This location is the same as reported by [@b71-66_244] in watermelon based on F~2~, recombinant inbred lines, and (back cross)-F~2~ genetic populations crossed with a red and a white fresh-colored watermelon. The adjacent markers from *FC4.1* were *WII04E08-38* and *WII04EBsaHI-6*, which co-segregated with the red, pale yellow, and canary yellow flesh color in the F~2~ generation. [@b2-66_244] also developed a CAPS marker (*Phe226*) which could also co-segregate with the canary yellow and red flesh color phenotype. Compared with *Phe226*, *WII04E08-38* and *WII04EBsaHI-6*, the three markers were located on chromosome 4 in the same region but not the same position. According to the results of [@b2-66_244] and the BLAST analysis results, the full-length of *LCYB* cDNA was in this region. Lycopene β-cyclase (*LCYB*) was regarded as the gene determining lycopene content or the color dominant gene in watermelon, and lycopene was the predominant carotenoid responsible for the red flesh color of watermelon ([@b3-66_244], [@b4-66_244]).

For melon and cucumber, some studies reported that flesh color was controlled by both major genes and polygenes. Eleven QTLs for orange flesh color and carotenoid content in melon was reported by [@b23-66_244] using a recombinant inbred line population derived from two melon subspecies. For both cucumber and melon, the flesh color of the endocarp and mesocarp differs, reflecting the β-carotene content, to some extent. Some studies have reported that the flesh color of the two parts is controlled by at least 2 recessive genes ([@b9-66_244], [@b11-66_244]). [@b10-66_244] and [@b43-66_244] suggested that a gene stimulating the carotenoid metabolic pathway was located on linkage group 6 in melon, which led to the formation of β-carotene. [@b5-66_244] detected seven SSR markers that are closely related with the β-carotene content in cucumber, and SSR marker *SSR07706* may serve as a marker for cucumber germplasm selection. [@b62-66_244], developed a "golden" SNP marker that governs the *CmOr* gene responsible for the non-orange and orange melon flesh color in melon. Measuring the content of other pigments in watermelon flesh could alleviate this limitation of the present preliminary study. However, we identified the location of the flesh color QTL in the linkage map.

Brix content is an important trait in watermelon breeding. It is thought to be polygenic, and is known to be influenced by both genetic background and environment ([@b22-66_244], [@b24-66_244]). In our research, both the central and edge portions of the fruit flesh of the 2 parental lines were analyzed for Brix content. With the linkage map, 3 QTLs were detected and they are all minor, based upon the similarity between the two parental materials in Brix content. The 13.41% phenotypic variation can be explained by 2 QTLs related to the brix content of the edge. A QTL related to the Brix content of the center was also detected on chromosome 2, but with a low R^2^ value (5.76%).

Some other studies have reported QTLs related with the Brix or sugar content. [@b20-66_244] detected 2 major QTLs related with Brix content using a recombinant inbred line population in a 2-year and 3-environment study of watermelon. The 2 QTLs were located on group 1, with stable expression in different environments. [@b57-66_244] used an SNP linkage map to detect QTLs related to Brix content on chromosomes 7, 8 and 9, with R^2^ ranging from 7.0% to 21.6%. Combined with previous reports, the three QTLs detected in our study are all novel loci. It appears that different watermelon genetic backgrounds have yielded different results. More markers should be added for further research, or new materials should be selected for a larger significant difference in Brix content.

Fruit length and width are the main determinants of fruit size. Fruit size has been well studied in many plants, but seldom in watermelon. However, some research has been reported for melon. [@b50-66_244] reported 6 fruit shape QTLs in 2 populations of melon recombinant inbred lines. [@b43-66_244] detected 7 QTLs in melon. According to the two reports, 4 QTLs associated with fruit shape were detected in common. For watermelon, recent research for fruit shape has been reported by [@b57-66_244], who detected QTLs related to fruit length, width, and shape index in chromosomes 5, 6, 9, 10, and 11, with R^2^ values ranging from 2.8% to 40.8%. In this study, there was a significant difference in the fruit shape index between LSW-177 and COS. LSW-177 producing an elongated fruit while COS had a spherical fruit shape. Five QTLs were detected in our research with the linkage map; *FSI3.2* showed a higher R^2^ value than the other loci (38.22%). Our results may supplement theirs regarding QTLs related to fruit length and width. As in the findings of [@b57-66_244], most QTL regions of the three traits (fruit length, fruit width, and fruit shape index) overlapped indicating that the three traits had a high correlation. The field data also showed a high correlation among the 3 traits ([Table 6](#t6-66_244){ref-type="table"}).

Our study shows that whole-genome sequence data substantially enhances the efficiency of polymorphic marker development for linkage map construction, QTL fine mapping, and the identification of possible candidate genes.
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![Density of SNP and indel loci on each chromosome of the parental watermelon lines, LSW-177 and COS.](66_244_1){#f1-66_244}

![A linkage map of watermelon chromosomes constructed based on the F~2~ population of a cross between LSW-177 and COS parental strains. The names of the markers are shown on the right of the chromosomes while the distance of the markers are shown on the left. The boxes at the right of the chromosomes indicate the most likely positions of QTLs identified for different fruit traits. FS, flesh color; FL, fruit length; FW, fruit width; FSI, fruit shape index; BCC, brix content central; BCE, brix content edge. The name SSR markers were printed with italic and the name of CAPS markers were printed with normal font.](66_244_2){#f2-66_244}

![Genotyping results in the F~2~ generation with CAPS markers. From a to d, the CAPS marker names were *WII03EXhoI-1*, *WII02E09-20 WII02E06-727*, and *WII04EBsaHI-6*, respectively. Lane M was DL2000 DNA marker, lane 1 to 3 were the results of enzyme digestion reaction for LSW-177, COS and F~1~ generation. The other lanes (begin with lane 4 to lane 36 or 38) was the results of enzyme digestion reaction for the F~2~ generation individuals. For the CAPS marker *WII03EXhoI-1* (which related with *FL3.2* for fruit length) digested with the restriction enzyme of *Xho*I, LSW-177 gives the digest production of 331 and 183 bp, COS performs 514 bp and the F~1~ generation is 514, 331 and 183 bp. For the CAPS marker *WII02E09-20* (digested with the restriction enzyme of *Pst*I), LSW-177 gives the digest production of 780 bp, COS performs 497 and 283 bp the F~1~ generation is 780, 497 and 283 bp. For the CAPS marker *WII02E06-727* (digested with the restriction enzyme of *Pst*I), LSW-177 gives the digest production of 345 and 474 bp, COS performs 819 bp the F~1~ generation is 819, 474 and 345 bp. For the CAPS marker *WII04EBsaHI-6* (which related with *FC4.1* for flesh color) digested with the restriction enzyme of *BsaH*I, LSW-177 gives the digest production of 1,350 and 524 bp, COS performs 1,874 bp and the F~1~ generation is 1,874, 1,350 and 524 bp.](66_244_3){#f3-66_244}

![Colinearity between the genetic map and physical map. The x-axis represents the genetic linkage distance according to the linkage map. The y-axis represents the physical positions of each marker, developed with the resequencing data.](66_244_4){#f4-66_244}

![The distribution of fruit traits in the F~2~ generation derived from LSW-177 and COS. From a to e were represented fruit length (cm), fruit width (cm), fruit shape index, Brix content in the central part and Brix content in the edge part, respectively.](66_244_5){#f5-66_244}

###### 

The average SNP density and indel loci in 11 chromosomes in LSW-177 and COS

  Chr     SNPs   Indels         
  ------- ------ -------- ----- -------
  1       228    7772     30    1036
  2       2800   96379    175   6014
  3       327    9470     38    1107
  4       64     1567     11    277
  5       224    7546     26    861
  6       552    14906    55    1488
  7       184    5799     26    803
  8       2458   64274    202   5288
  9       318    11139    40    1391
  10      180    5103     25    718
  11      64     1738     11    285
                                
  Total   ---    225693   ---   19268

Chr, chromosome.

###### 

Analysis of the candidate SNP types

                  Type    Amount   Ratio    Total
  --------------- ------- -------- -------- --------
  Transversions   AT→TA   20027    27.7%    72285
                  AC→CA   19527    27.0%    
                  TG→GT   19704    27.3%    
                  CG→GC   13027    18.0%    
                                            
  Transitions     CT→TC   76633    49.95%   153408
                  AG→GA   76775    50.05%   
                                            
  Indels          A       7170     37.2%    19268
                  T       7359     38.2%    
                  C       2380     12.4%    
                  G       2359     12.2%    

###### 

Summary of the watermelon linkage map based on a F~2~ population of a cross between LSW-177 and COS parental strains

  Chr     Marker, n   Mb       Distance of linkage groups, cM   
  ------- ----------- -------- -------------------------------- -------
  1       27          34.09    238.89                           8.85
  2       43          34.42    135.87                           3.16
  3       18          28.94    156.35                           8.69
  4       26          24.32    130.80                           5.03
  5       21          33.72    248.73                           11.84
  6       25          27.02    119.64                           4.79
  7       22          31.48    154.36                           7.02
  8       48          26.15    134.85                           2.81
  9       32          34.99    222.99                           6.97
  10      15          28.42    196.70                           13.11
  11      24          27.11    97.33                            4.06
                                                                
  Total   301         330.66   1836.51                          6.10

Chr, chromosome.

###### 

Mean phenotypic values with standard errors and ranges for traits measured in the parental strains and F~1~ (30 plants) and F~2~ (352 plants) populations

  Traits                        LSW-177        COS            F~1~           F~2~           F~2~ range
  ------------------- --------- -------------- -------------- -------------- -------------- ------------
  Length, cm                    23.09 ± 1.92   20.44 ± 1.04   24.03 ± 0.88   20.24 ± 3.41   11.2--29.6
  Width, cm                     16.10 ± 0.73   19.40 ± 0.50   19.78 ± 1.17   17.06 ± 2.18   10.9--22.7
  Fruit shape index             1.43 ± 0.09    1.05 ± 0.05    1.22 ± 0.05    1.19 ± 0.16    0.94--1.68
                                                                                            
  Brix, %             Central   9.10 ± 0.44    10.88 ± 1.37   9.33 ± 0.42    8.64 ± 1.93    3.0--11.1
                      Edge      7.33 ± 0.66    7.98 ± 0.91    7.83 ± 0.57    7.31 ± 1.29    2.5--10.5

###### 

QTLs detected for fruit traits based on interval mapping in the F~2~ population from the LSW-177 and COS cross

  Traits                         QTL                              Interval                           Chr                        Position                   LOD     R^2^, %   Additive   Dominance
  ------------------- ---------- -------------------------------- ---------------------------------- -------------------------- -------------------------- ------- --------- ---------- -----------
  Flesh color                    *FC4.1*                          *WII04E08-38* to *WII04EBsaHI-6*   4                          8,979,787 to 8,960,685     91.21   81.45     1.96       −0.25
                                                                                                                                                                                        
  Length                         *FL3.1*                          *WII03E09-59* to *WII03E02-87*     3                          16,276,758 to 23,690,289   6.29    12.5      1.84       −0.07
                                 *FL3.2*                          *WII03E09-92* to *WII03EXhoI-1*    3                          25,064,560 to 27,653,193   4.32    6.87      0.99       −1.03
                                                                                                                                                                                        
  Width                          *FW3.1*                          *WII03E06-56* to *WII03EKpnI-3*    3                          15,666,886 to 15,979,391   3.71    5.89      0.79       0.12
                                 *FW3.2*                          *WII03E09-92* to *WII03EXhoI-1*    3                          25,064,560 to 27,653,193   3.43    5.61      0.71       0.05
                                 *FW8.1*                          *WII08EXhoI-4* to *WII08EKpnI-5*   8                          20,888,282 to 21,176,544   7.13    11.67     −1.02      0.17
                                                                                                                                                                                        
  Fruit shape index   *FSI3.1*   *WII03E02-87* to *WII03E09-92*   3                                  25,064,560 to 27,653,193   8.72                       10.01   0.07      −0.02      
                                 *FSI3.2*                         *WII03E09-92* to *WII03EXhoI-1*    3                          27,653,193 to 27,653,193   30.13   38.22     0.12       −0.09
                                 *FSI8.1*                         *WII08EKpnI-5* to *WII08EXhoI-5*   8                          21,176,544 to 21,690,036   2.85    2.47      0.03       0.01
                                                                                                                                                                                        
  Brix                Central    *BCC2.1*                         *Ch2-1ScaI* to *Ch2-4MboII*        2                          31,682,387 to 31,690,311   3.19    5.76      −0.65      −1.63
                      Edge       *BCE2.1*                         *WII02E11-740* to *WII02EMspI-2*   2                          34,170,854 to 30,501,626   4.31    8.02      −0.52      −0.09
                                 *BCE4.1*                         *WII04E07-32* to *WII04E07-37*     4                          8,538,374 to 8,938,685     3.2     5.4       0.41       −1.6

###### 

Simple linear correlations among traits measured in the LSW-177 and COS cross F~2~ population

  Traits   FL                                               FW                                              FSI
  -------- ------------------------------------------------ ----------------------------------------------- -----
  FL       1                                                                                                
  FW       0.649[\*\*](#tfn5-66_244){ref-type="table-fn"}   1                                               
  FSI      0.672[\*\*](#tfn5-66_244){ref-type="table-fn"}   −0.119[\*](#tfn4-66_244){ref-type="table-fn"}   1

FL, fruit length; FW, fruit width; FSI, fruit shape index.

*P* \< 0.05,

*P* \< 0.01

###### 

Candidate genes annotation result for the flesh color

  Gene No.      GO Molecular Functions
  ------------- ---------------------------------------------------------------------------------------------
  *Cla005009*   GO:0016757-transferase activity, transferring glycosyl groups
                GO:0016740-transferase activity
  *Cla005011*   GO:0034019-capsanthin/capsorubin synthase activity
                GO:0016853-isomerase activity
                GO:0045435-lycopene epsilon cyclase activity
                GO:0016491-oxidoreductase activity
  *Cla005012*   GO:0005524-ATP binding
                GO:0003774-motor activity
                GO:0008569-minus-end-directed microtubule motor activity
                GO:0008017-microtubule binding
                GO:0005515-protein binding
                GO:0000166-nucleotide binding
                GO:0003777-microtubule motor activity
                GO:0016887-ATPase activity
  *Cla005015*   GO:0003885-D-arabinono-1,4-lactone oxidase activity
                GO:0042802-identical protein binding
                GO:0016633-galactonolactone dehydrogenase activity
                GO:0050660-FAD binding
                GO:0003824-catalytic activity
                GO:0050582-xylitol oxidase activity
                GO:0005515-protein binding
                GO:0050105-L-gulonolactone oxidase activity
                GO:0016491-oxidoreductase activity
                GO:0016899-oxidoreductase activity, acting on the CH-OH group of donors, oxygen as acceptor
  *Cla005016*   GO:0016757-transferase activity, transferring glycosyl groups
                GO:0016740-transferase activity
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